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X. 4INTRODUCTION

1 1 Rev1ew of Study 2h-F~1

A digital computcr flight trainer study, numbered Zh-W~1
was carried «thro“gh by members of thié Moore School Research DlVl-
sici during 1950 and 1951. A description of this study was pub-
lished as Reséarch Division Report 51~28, dated 21 March, 1951.
The goal of the study was to determine the feasibility of actuating
flight simulators by digital csmputers, it being optimistically
suspected that a single digital computer might. be capable of
serving a number of cockpits.

As a result of study 2L-F-1, the following conclusions
were reached:

(a) No existing digital computer can solve the dynamic
“-equations of airplane Illght fur more _than one airplane

simultaneously in real time, i , o R

(b) No existing digital computer can solve the: fllght
~equations for oné airplane in réal time using methods of .
integration in common use. In addwtlon, a_memory_capacity

““larger than in existing machines would be necessary. “How-~
ever, the discrepancy is net overly large in the case of
one airplane and an improved digital computer- and/of improved

__integration._ methods;mieht_brldge _the_gap.. . —

~ (¢) Digital computers show a marked superiority over analogue
~computers with regard to flexibility. Thé alteration of a
" flight simulator to repregeént. & new airplane type is sccom-
plished sifiply by changing an input tape and connecting to the
new cockpit. Consequently the actuation of flight trainers by
digital computers warrants further sbudy.

The digital computer envisaged at the termination of the
previcus study is illustrated in Fig. 1,1-1. The following is a
description of the figure. 4

(a) Tape Libr *ary. Aerodxnamies_datam_noner_nlant_data and ;

digital computer instructions for a specific airplane. are
placed on magnetic or punched paper tape. This tepe i3 .stored
in the tape 11brary together with tapes prepared for other air-
plangs: VWhen 1t is desired to simulate arn: airplane whose tape
is stored in the 1ibrary, the tape is rémoved and placed on the

- _tape reader. When it isg desiked to simu’»t°4pn aivplans-which - -

has just been developed, the simple, _short, and relacivc1y
inexpen51ve upcratlon of prepariﬂg a tape for same is psrformed
ingtead of engaging in the time-consuming, invelved, and expen-
give task of building a flight trainer for that particular air-
blane.

(b) Tape Reader. The tape reader veads the information on the
nape for a spe01fir airplanc and transmits that 1nformat1ﬁn to
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{c) Switch #S", The reading of the tape occurs only for & short

time at the beginning of the simulated flight and switeh “S" then
disconnects the tape ¥eader from the digital computer.

{d) Digital Computer. The digital coinputer remembers:

1. TInstructions, aerodynamlc, ana power plant data for the
specific airplane. .

2. Transient computational data.
7 The digital computer computes:
« Aerodynamic forces. .-

. Solutions of the equations of airplane motion.

Instrument readings.

ll

1

2

T : 3 )
- ks Stick forces (&tick forces may be computed by dlgltal

- -or analogue techaique or a combination of both)

’“zzfvﬁnigital to Analogue Converters. These convert the numeri cal
information coming from the digital computer to voltages which are
applied to the inqtruments in the cockpit and -on the 1nstruccor's

PO . T B e S p—— i e

—— T — SUssva- v-n—uvxwv.l.ﬁ UU ba.uge 'Dn¢31r aeziections.

(f) Analogue to D1g1ta1 Converters. Thesé convert the stick and
other control positlens into»numbers for use in the digital com-
pdmr.“ o - :

{g) Cockplt Selector Sittch. This switch selects the cockpit
which is to be activated by thé digital computer.

- {h) Cockpit. There is .a mock-up of the coskpit for each type

©" airplane t6 be simulated. When a fewly developed airplane is
to be simulated, a mofk~up-of its cockpit must be constructed
and conneéted to the cocknit selector switch.

(i) Automatlc Plotting Table.‘ This table, controlled by 31gnals
from the digital computer, plots the simulated airplane's course.

£3) Instructor's Control Position. The instructor has before

, him a facsimile of the cockpit instrument readings, and contqug_”,A
e = —PyepgEns of WHicth hé ¢an simulate rough air, aircraft damage,

icing, etc.

" In the description above, the cockpit se;ector switch &g) was
assuméd to be manually preset at the beginning of a "flight"; since the
computer was assumed capable of only single cockpit operation. Should
multiple cockpit operation prove 1o be feagible, the switch would have
to be controlled directly by the computing machine itself. This direct
control ¢an be mechanizsd nsing existing technlqnes.
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F% 1.2 Initial Goal of the Present Study |

The purpose of the present study 24-F-2 is to investigate

methods for decreasing the computation time kequired per tycle and/for
increasing the time interval allowable for stable integration. The o
goal is to be_achieved assuming only existing digital computer circuit
techniques, it being understood that improvements in computing machine
Speeds automatically render a digital simulater more feasible using
even the results of the previous study. o :

) ~ The contents of Report 5128 of the previous study wili be
drawn on heavily for backgreund material. in particular, rotions of
memory requirements, number of program steps, number precision,
manoeuvres, and existing methods of integration described in +hat
report will serve as a starting point for this study.

The specific items considered w&;thy of investigation will now .
' be listed. Those items marked with an asterisk were considered of
particular importance and vwere first to receive our attention, In
the following sections it will be observed that substantial Progress
R _ bas been made on items 1, 2, and 3. Some Progress has also been made
- on items 4a and 6a. .
: 1. Integration Methods
*(a) The Looking Back" Method —
T ) Norlund~Type Stability Study .
e {c) Simplification of Ground Equations -
#(d) } Other Methods 5f Iﬁteg'i'atign.
2. Improvements Using One Arithmetic Unit
{a) Partition Memory
#(b) n-Address Code, n<ily ’ _ :
) - - {cy—Function Tables T
(d)" Zuxilisry Vacuum Tube Storage Registers
3. Use of Two Arithmetic Units
o s(a) Problens of Sequencing Twe Units S
‘ - #(b) Estimated ‘Increase in Speed for Alternative Meth‘odgi B

- (c) Estimated Increase in Cost |

*(d)' Digital Differential Analyzer (Maddida) Possibilities.




L. ﬁiﬁced Analogue and Digital Technigeés
#(2) Use of Analogue Integrators
- {p) ﬂnaiqguerg@p,>-.ﬂ;gital<COnVer§ioh
(¢) Analogue DiractidhACGSine-Computersf**f:;;

4

(8) Estimated Size and Cost of Analogue Equipment.

s Aerodynamlcs . R

(a) Separztion—of Equatlons into ueneral Airpiane Equations
and Eqnatlens for Particular Alwplane Types

(b) Analysis of Relative Importance of the Various Aero-
dynamic Coefficients. : : ) -

TTOOC -7 6- (bmpﬁtatiuxx e Rl B e T i *
e Note- A large percentagn of this computation shouid be done .
- by IBM or by 1 ge~sca1e high-speed computlng ﬁachlnes.

—_— = T T T T T T s et T

I *(a) About ten Manoeuvres suspected of badsmathematlcal
" behavior, computed "agggrately" to 5x 10~

- - . {4 W Y - _—

T T\ U ) 1aR&-0i L & .uamung~ e e T e e

(c) Computation by New Integration Procedures.

7. Inst rument Panel

() Programming of Equatlons to Estimate Time and Equipment
Required, and to Illuminate. Possible Dl’flcultles.




2, INZ'EGRATION METHODS

2.1 Taitial Scope of the Thavéstigation

The previous study 2L4-F-1 reviewed the applicability of
existing methods of integration to the flight trainer equations.
It concluded that the Adams~Bashforth method: incorporates some of
the features suited to real time simulation problems » namely,
- (1) ofily the first derivative % need be computed, (2) the time

is simple and therefore amenable of rapid computationi, The ex-
tension of the single open integration of the Adams-Bashforth
method to (the identical) open followed by repeated closed integra-
tions of the Moulton method was then advanced as most suitable
because it insured accuracy and stability. :

‘Because the Moulton method requires répeated computation of
the serodynauic coefficients for the same time instant until all

2-1

-~ -« — . . olesures-havs-haen

ug-cAg—s;ugxc.;ud,B(i', ) "a&mbﬁall' léatién *as attemptéd ._ Thiei
modified Moulton method incorporated only the first three steps
of the Moulton procedure, namely (1) guessing an approximate

|

| _

l interval used, A t, is constant, and (3) the integration formuia

|

\ - value of Jcr'1 +1 bY open integration, {2) ©Valuating the new derivative
. 7 . i .- _ i s -

tion., Here the process for the interval (tn, tn+1') was terminated.

» ) ‘ = :

tm — - xr%ﬂ, and (3) obtaining a better ‘approximation Xh;"l by closed integra-~
n n* i
|

e T boﬁn:jgga— 'aﬁa?ig;;j"zﬁéf final values accspted to be ;
perfect, are only approximations. The only justification for the
procedurs was that it proved possible to merge the open and closed
integration into a single integration, thus speeding up the process.

Both the Méulton and modifiea Moulton methods were applied
Yo the computation of two manoeuvres during study 2h-F-1. The
latter of these was the test roll, a manoeuvre evidently frequently
applied to airplanes to test their design characteristics, Beginning
. from level flight at three seconds s § s Mas varied as shown in

Table 2.1~1, The modified Moulton method proved to be unstabls. for
= intervals of A% = 1/8 and 1/16 sec. wiile for &4t = 1/32 sec. it
appeared to have become stable and to. agrée fairly closely with the
Moulton ‘solution with repeated closures, , i ‘

Table 2.1-1 Stick Motion for ‘Tsst Roll B

25 | 035 | = o5
LSa] o] @ [ une | am | o

—

0.




From the results obtained, Report 5i-28 conciuded that the
integration interval must not exceed 0.03 seconds for stable solution
by the modified Moulton méthod, so that other methods should be in-
vestigated to permit increase of the interval. Another disadvantage
was reported, which arose from the use of integrating formulse which
at. tiwe t require derivatives back as far as t k,ﬂk5=:hu Because

a different set of parameters are used on the ground from those used
in flight, the computation of derivatives of the new parameters from
"past history" substantially increases the take-off and landing
routines, with resultant increase in integration interval. It was
thought that the use of an integration formula involwing the para-
meters and the singlé derivative ;ﬁ might reduce this difficulty.

A number of new integration methods are now to be outlined.

In view of the remarks of the preceding paragraph, the first method |

4 ) ~ (method A) proposed was one using parameters. Using four points, B

— ~ the procedure involves computing T T T S -

. R ~ . L

(@) %t =-30x +6x <2x +ix _“d+hx At  (2.1-1) =&

—————— —nd4l———3--n —n=k — =23 —p=3 R —

. - - ,

) x = e (bxt LS ) N (2.:5;2_):;,;__

(e) = --g-

- n+1

r'-1

-36 x 16 x -3 x 12 x At?'2.1~3 ,
TP T P T T N R R, Y (2.23)

~

or, in words, an open integration on parameter ordinates, comnutatlon
of the derivatives using the resultant approximate ordinate values
but the correct pilot and 1nstructor data, and a closed integration
on parameter ordinates. x'+l and X! . are accepted as correct and

- = the proceéure carrles on to the next 1nterva1.

PO N PN e s

Method A3 is a variation on method i which utilizes the fact

that if X(S) == d5 X is constant over the ihteryal, the exact . B

o o at® )
vaiue -of X 4 jis given by
- o 2 ,,o.9£s %}
- Ceox = "n,l n#l 2y (2.1-4),
v h L n+l 2.96 ‘ " : :
Thﬁs,‘inimetbpd:ﬁa,‘QQua ion 2.1+ is used to obtain a "best" value
for % v ——

n+k




Method &b extends méthod A éven beyond method Aa. Tt reasons
if x‘(S) is constant, the errer in X% 18 constant at each step.

But then the error is from equation 2.1-k,

- E = xwxt = 2{x"-xt)  (2.1-5)
. ' , 2.96 ' -

whers 6111 values of E, x, x' s and x" are for time © 1 T‘r\éﬁ, as
-n4l
soon as x! " is com'outed. a be tter value for computation of the
DERE + & SR
derJ.Vatlves x'  would be the stm fx! _* E ). - . -
S n42 n+1) '

o ' Method B is directly related to. the theory of least square
, curve~-fitting. Sirce it is certain that the computed parameters
~ will be somewhat in error, it is possible that a leéast-square fit
- of a polynomisal of degree n to more than (n4l) points might

- . -average out- these errors and improve the stability of the solution, - - - —

For example, four points might be least-square approxmated by
means of a parabola, The polyfiomial would then be extrapolated
over the succeeding interval and integrated in the usual manner

- — - nav“ma.m( Paye wda e e

TS e T T T AT AR a.uq.; vumyuua‘v_;.uu.. e —

Method C is based on the sampling theorem which states that
any funetion whose Fourier-transform does not include angular fre-
quencies exceeding &, may be represented exactly by the infinite

series
- . 8 ¢ f y + ) R
xt D xqr) A0 G T (2.1-6)
- oo * Dt +T j)
- .ﬂ" \1A Y A RN, %, ST SR g o R - -
= where T = s ® ~Théh the--{k—+-3)-valuecs [T A G - s o
i A ' ’ p’ “ne1? "7 Tpek

2,1-6) in-terms of an equal number

- — B 4 N0 T Vam Bon b e oD
e o - - —Equivalently -the values of~xﬁ(’l‘j)r may be solved for in terms of -

O and substituted for in equation 2.1-6. Fipally, x

may be evamated from bhe resuld ant 3quation. Method C as her.e: -
desert bed is readily extended tc» gseveral variations.

p (o
. {T .}, the curtailment. exror being reada.ly evaluated. -




These methods certainly do not exhaust all possib;litles.
In particular, another variation applicable to &1l methcds has just
been suggested, namely, the successive completion of -integration
for each parameter before proceeding to the next parameter integra- -
tion even over the same time interval. However, methods 4 througn (o
are the only ones which have received attention on this project to
date. i )

2 2 Integratlon Method A

This method has already been described by equations 2.1-1, 2, 3.
The primary advantage in using parameter ordinates has also been
mentioned in F2.1, but this advantage has proved to be one of
negligible -importance in view of the alterations reported below in
P2.h. On the other hand, it is possible (1) to show qualitatively :
why method A is more closely convergent to the true solution (f.5+ T
mors adccurate) than the modified Moulton method, and (2) to prove
ma’rhema’c.ica;lly that method A is inherently stable.

- I"tth regard to convergence, thé following should be noted.’ ‘
‘If the-external dwombaucea C -are "e;;-be‘aaved “then the paratra‘s;er T
derivatives are alss well-behaved. - In this event the open integration
for xt (equation 2. 1-1) is close to the correct value of -x, Con-

sequently xt jg almost correct, and hence the closed value x" is

~ "a particularly good one. On the other hand, if the & 1—behava.or

is bad because of a"dlscontinuous” ,change, there is no method of
obtaining a good x' , However, .y  will absorb most of the
. nHl *ne1 .

. i ) .
disconti'nuity since the valuée used at time ¢ for computing xX_
~ nl , il
is the corresponding "correct" one, § 1’ Hence x!' will be
"reasonably" close to the correct value, say-with error e << 1.

Moreover, equation 2,1-3 shows that the resultant Jerfqr in x" will -

be only 2 e.A t &£ for At as large as % second. .‘Thus. only
25 15 R |

a small fraction of the error appears in -x"™ and the latter is still
a good approxima{:ien to the correct value. -

. DS

It follows that the closure values obtalned for the parameters
are always the miost nearly correct of all the terms computed. But it
18 preisely these values x;t ) which are used in both equations.

s

2.1-1 apd 2.1-3. Consequently, method A shouvld .converge *ather well,
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With regard to stability, consider the difference equation

+D . X . +..0 *p. %X +p x = f (¥) 2,2<1)
xr_x pn-d_. 'xn~.1 p1 .x'_], p.o xo () _ (2:2-1)

“where the p, are constants and p “# 0. There'i‘s"a theorem which

J
states that the solution of this equatn.on may be found in the form
of a particular solution of the complete equation added to the

- genéral solution of the homogenecous equation obtained by putting
) £ (t) equal to zero.* Moreover, the latter is of the formn

. | ‘ o
x () = Pl @) (2.2-2)
$=] o - ) E—

where a, are arbitrary -constant coefficz,eni;:s determined by’

i weidd o . P
"initisl conditions" and the r, are the roots of the equation
T a._ ol e = 0 PN n
. - X + p x_;_' + ane ~+ P = 0 (202_3)

: =k~ "o - 3 : -

‘Now, equations 2.1-1 and 3 have the form of equation e..2-l

with £ (t) replaced by the term in x. Clearly, then, their
solution will have a component of the form of equation 2,2-2,

It is a matter of straightforward algebra:.c manipulatién to show
that theré is a root R greater than unity for the opén integratig_n

but that the largest root for the closed expressn.on is eq_ual to
unity. -

: If the solution to the flight differential equationis were
given exactly by both the difference equations; then the=fruc . —
, soluticon would satisfy the requirement of being a particular
P solution of the latter. Since the integration through differences
: ' " does not yield the correét solution, we may assume that at each step

the computed value of x consists of two terms, the correct value X

plus an error term e(t). Then it follows that e(t), which is not
zero in general, satisfies the homogeneous eguation.

A . In the cage of the open intesration, then, the solution
- for e(t) is givcn by —” ' ' :
ey - % t, L g
= & R 4a, FE4 s 2.2-h).

# "Cslculus of Finite Diffevencesit mlne-'rbomsm,, chap. 13., ¥acMillan,
1933.
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Since Rb excesds unqu, it follows that e (t) will increass

exponentially with tlme ana the finite d;fference solution w111 be
unstable.

For the closed integration, the error is given by
e (t) E o (i)t +a rt * oee ‘ (»2.2~5)
c o' (i | -

mherel r. l<; 1 for i=1, 2, 4ss, n-1. Hence the error will at

worst be addltlvely cumulative. If ‘the error at each step be kent‘#
10 secoﬁdéqof flight) should certainly renaﬁv below 10% Hence,

at least in the sense of Report $1-28, equation 2. 1-3 and thersfore
method A is stable, (Note that Wlth multiple closure, the method
becomes stable in the broad senue) s —

\ " ‘Method A has thus been shown to be far superior to the
modified Moulton method, ta be convergent to simulator accuracy,

g § e amururen:

and—to be—stableT —In tne'next-paragrapn‘“rz.jg—results~ootamneaf
using method A are given. . =

2.3 Test Holl by Method K ’f*f e

The test roll manceuvre desc“ibed in P2.1 was computed at

" 1/8 second intervals. using méthod A. The resulis are shown

graphically in Figures 2.3-1 through 6 for those parameters -
which -aré not constant during the one second interval eomputed.
The predictions of P2.2 are borfie 6ut; thé ragults are not. only
stable but also as convergent as the modified Mbulton mathod
using one fourth the interval:

2.4 Ground Equations

Py

-:—;{/7 .

“Tn Re sport 51-28, subroutine 3a was inserted bhetween subroutine
2 and 3 in order to generate past history for the flight equations at
airplane takéoff. By inserting 3a into one of the ground equation
subroutings, past history is computed each cycle (in general nesdlessly,
of course) instead of in one iump as the plane takes off. The resulting
reduction in the longest routine and hence in the cycle time.intarval
is approximately 20%.

A corresponding redlstrlbutlon of gubroutine 10a may have a

: simllar boneficial effect but thws p0351bility has not as yet beeh
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‘ Using One Arithmetic Unit

3.1 Introductory Remarks

The previous project, 2L-F-1, under contract NSonr-2;913,
wag concluded with the finding that no existing or 'soon. to be com-
- pleted digital computer could solve the given -6quations ¢f a single .
airplane in real timé using methods of integration conmonly used on
digital comnuters. ) S L T T

It then becomes useful to inquire as to what machine organiza-
tion would be necessary to permit solution of the given equations in
real time with reasonable assurance that such machine organization
is physically and economically realizable. :

- This section reports progress on topics having to do with
improvements in machine organization using one arithmetic unit.

Substantial improvement in speed has been obtained at the -eXpenss.
of relatively little added machine complication. The results.are

Lh-ihe-conclusions in section 3.5 (see Table 3, s-1).

. The questions studied ares . . . -

()~ Partition of Wemory

() n-addréss code, n<l

(e) AwxiTiary Vacuum Tube Storage Reglsters.

Serial type machines were considered over parallel type
machines in what follows for the reasons below:

"7,* ~ (a) With the ibrecisior; required for a flight trainer computer
(16 digits), the speeds of the two types are about the same.; if any-
difference exists, it favors the serial machine.

(b) Existing serial memories are more relisble than existing
parallel memories. :

- (e) hz‘;LP';éia;ll‘gLQQmp_uj;er;,u_singfg:;wfﬁi.ggle,@ts@nn_‘m_;u;-_,.n:,-.;;‘, / I

Wikl G HE S T e A B Sy \E‘,'- very -

high~speed serial multiplier) would be prohibitively large and costly.

In order to follow the discussion of this section it is
necessary first to outline the organization of nwaddress machines
where n #ay have the preassigned yvalue k, 3, or L.

, ~In the L~address code, the order consists of . addresses
each of which specify a tnigue memory loéation and an ‘order typeée
(add, subtract, etes) Two addresses specify the location of the
operands, & third address specifies the destinatlion of the result,
and the fourth address gives the location of the next order. For
exemple, & typical instruction might be: {4, A2, A2, A3, Ab);
medning “Add the contents of memory positivn Al to the contentsg

b




_ theAresultshof_fhe_comnutatmns.__Time_lsbsaved_because it is net -

3>‘

;\4‘ TMOMAYRE Rasitlan AD. and $ho ansmmavn tn nomamwmre Aaod ittt an
ARINS 2N J y\'\-‘* V.Lv‘l “h D AdL, “l\ﬂ \-ﬁ‘t‘o"v‘ v m\’ “ I‘J yvv*1‘v-‘§v

to memory position Ab, for the next instruction."

2 ond
R, 1 B

a

The 3-address code différs from the L-dddress ccode only in
that the locatior of the next order is spécified by a counter which
is advanced oné couint after the execution of an ovder_._ The counter
can be selectively set by the compare orders. We would have, for
examplw, (4, AL, A2, A3): meaning "add the contents of memory

to memory pog:,t;on AB", The 1ocation of the next order 18 51.v€‘21

by the aforementioned countér. Or we could have (C, A1, A2, A3):

meaning "compare the magnitudes of the contents of memory positic
A1 and A2 according to which is the larger; simply advance the
counter one step as usual or transfer the contents of memory po-
sition A3 intc the counter". Other compare orders might of course

" be imentegi,.

T In the ¢ne-address code, d the crder consists of an address
speci-f,y ing a single meriory location and an order type (add, subtract;
&te,] The arithmetic unit in a machine using such a code accumulates

necessary always-to return the result of the computat:.on at every
program step to the meémory. The location of the néxt order is
specified by a counter as in the 3-address code. A typical instruction
171* 'Hna \nn...ﬁﬂrlraac nr\nnnvrn g.h-i- ha —~{a-r, _ A\- hmoands v\g “AﬂfL +tha fiumhenr in
memory position A to the number stored in the arithmetic unit t Cif any}
without clearing the contents of the arithmetic unit; leave the answer
there and go to the memory position specified by the counter to get

the hext 1nstructlon" . ]

Flgure 5.2-5 of Report 51-28 (hereai‘ter referre& to 51mp1y
as Fig. 5. 2-5) has been used as a basis for the estimation of the
longest routine time (refer to Section 5.5 in Report 51-28) using
l-address; 3-address; and Li=address codes with and withent parti--
tiohing of the memory. A copy Fig. 5.2-5 has been included at the
end of this section for reference piirposes.

R U, N ¥ LPawAnmt _Feonmam 2l _maialhonns wraws b v { Y=Y ——
l‘ IAO \.l.l. J.O 4 DALY UJWD UJ- M\ll&&lmc oL GU v y \VIL ENva [ﬁd
’I'ne:.r characteristics T 011' w in thé discussion. —

3.2 n-address code‘s';_, nd.,h

n .L-duu.n:bu machine Uua.uu.ue rr)) was setb u.y u.a.x.ug the ssms
orders that were proposed for use in the Institute for Advanced Study
machine (TAS)#. Timeés were estimated on the basis of a word of 18
zpulse times lengthk., With a waiting périod of two pulsF‘ times, this

# "Preliminary Discussion of the Loglcul Degign of an Electronic
Computing lnstr\men’r"v Burks, Goldsti: ne, von Neumann, IAS s
Princeton, N, ... 19h6




Zit numbers. Here, a
Pl‘ﬂis-e tiﬂ}@ I@vf".‘!'«ﬂ» to the ;eciprscal o Ehec}‘_r"gk fiéqlléﬁé‘y“;“a"ﬁa"”
hence is the tine interval between corréesponding points of suc=
cesgive clock pulses.

of 8192 memory positions &nd 32 order types.

allows 16 pulse times for the 16 binary Gigi

This provides & potential l-address capacity

3-~address ani Li-address codes; (machines #2 and #1 Tespectively)

were also set up on the badis of this word length., The L=address
code was. the same as the li-address: code used in the courits in
Section 5 of Report 51-28, The 3-address code was the sams as

the li-address .code except for the deletion of the lth address and
changes in the compare order to provide for conditional and uncon-
ditional transfers (Fig. 5.2-5 requires no compare orders).

_ Counts were made on simple sequence 3-3 using these codes.
Pulse times are tabulated in Table 3.2-1. -

__i Pulse Times.. 2660 —2h80—i——o3L5—F

Addresses Moo 3 T 1A 1A

L

H

Tabis 3.2-1 Pils6 Counts on Machines 1 = L for 553-3 -

s
20201

PUS. SOV p

It became apparent when the counts were ‘madé that the ‘l-éddrfe_\éé'
code used above wasted a great deal of time. A néw 1-address
T code (iachine #4) was. constructed consisting of 20 orders. Pulse
times for $53-3 and this machine are also tabulated in Table 3.2-1.
An improvement is evident and it was thought worthwhile to estimate
the pulse times required for the entire routine on the basis of
Fig: 5.2-5. The results are recorded in Teble 3.2-2.
Table 3.2-2 Estimated Pulse Counts for Entire Routine
| Hachine No.. | (O T T R
 Addresses’ |  hA | 34 VS
S — ~--~—£uiseﬁ—j'_mée—:~—£47€.‘000: —2185006— 176,000 —~ — T — -

fon

g




3.3 Partitioning of Wemory

, While the above figures show that the l-address code machine .
18 fastest, certain inconsisteénciés in sebting up the ¢odes and
estimating times could have swung the verdict in favor of one of

the other codes. Also it was gdesired to see if partitioning the -
memory could be used to advantage. Further counts were then under-
taken., o

Since the problem of the F9F as programsied in the Fiight
Trainer Report took about’ 5000 memory positions for instructions
and 49 memory pogitions for numerical infé¥mation, excluding -
outputs, it was felt that 4 possible saving in address length
(and computing time) could be achigved by partitioning the
memory into a section containing only numbers ang a section
containing only orders, This would Pésult in shorter addresses
since most of the addresses in orders refer to the number storage
Places and not to the order storage places.

It Was saouned that-a_sumbor-—storage-of 102 wemory post=
tions, end an order storags uf 8192 memory positions would be
adeduate for most flight trainers. The composition of tho oeders
in 14, 34, and LA codes would then consist of the number of bits

RS e

‘ —shown in Tahle 3.3 1. . —— e

Table 3.3+1 Bits per Order Word with Partitioned Memovy:

~ Code | Operand 1! Gperand 2 :fResultrxﬁé;;%t Order | Order ‘Type | Total 1
w10 I x  x x 5 P15

oo N - . - H

A} 10 0 4w ox dy ‘ Bh 1

romd

b 0 0100 e | a3 |y

P!

¥ Number length: 15 bits + signh = 16 bits.

In addition switching time need not be specially provided for ex-~
traction of orders from the memory sinice this is automatically

provided by the time taken to extract numbers from the memory |
S aud- to-completé the arithmetic operation, but switching time is

- jieeded for extracting numbers in-the 3A and b codes. oo = o

S A ———

.. Switching time is egtimated to be 2 pulse ‘times; Although ‘
Hurricane allows about 100%:-of the word tims for switehing, MSAC -
and SEAC allow only-10%. ~As & result, the number of bits per

order word and per numbey word ére 48 displayed in Table. 3.3-2.

(TR




L

Table 3.3-2 Total Bits péer Order and per Number Word

| Ocde | Order | Nomber | Switching |  Number
‘ y ford | VWord | Blank | Word Total |

R IR A e

n |34 % 4o | 2 18
T | ua N T 2 | 18
It was then assumed that the number and order words had the
same length in pulge times so. that the numbéer and order memories
could maintain synchronism. The: smallsst numbér of memory posi-
tlons of one mimber length that would hold an order is then 1, 2,
and 3 for the 14, 34, and hA codes, respectively. The resultant
word length i¢ shown in Table 3:3-3. o o .
R Table 3.3=3 Number and Order Word lengths (Pulse Times) - %
R Code | Number | Orger. — o
L { Word | Word | - ]

R e : 16 ] 16,"‘%?

I SR Ime-for—ohe: Conputat

EYNEENE

W 18 ] g

q

. The compare order in the 1A ¢ode deserves special mention.

There are 8192 order memory positions, but the address can specify

oniy 1924 of them (possibly 2048}, ‘Consequently it is possible to

enter the order meémory in only 102} places when directed to do so

by the compare orders {conditional and unconditional transfers)., ‘

This is not expected to be any great handicep-as the-programfor K
 the FI9F fiight routing requirsed only akouy 23 compare orders. Many

possible ways of ‘performing this order have been cc’nsidered, all of

them feasible and of varying degrees of flexibility, It was con-

sidered too soon to study the relative merits of thése méthods.

N s e o e s e S

AT PAFAT S Sia T T T _ =
: on ¢yCle wag-computed in the

F1light Treiner Report for a routine that involved 356 multiplica-
tipne 4nd only il additions, It was: felt that computing time
€0dld be greatly reduced by speeding up miltiplications, The
so-called "whipple-tree multiplier" using 1 adders -can multiply
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3-6

- in two word times#, Operation times were detérmined on the basis of

_a whipple-tree multiplier. Puise times counted for Fig. B.2.5 ave .. .o

shown in Table 3.3-h.

Table 3 3-11 Pulse Counts for Fig. 5. 2-5

| Machine o | 7 | 6 | 3
Code . | | 3 |
Pulse Timee | 10,210 | 14,580 | 17,080

The entire routihe teck about 0.1 sec. and Fig. 5.2-% took 14,840
microseconds when time wae computed on the basis of a 16 'digit
parallel compate*r in the F;ight Trainer Report. The routine pulse

co o e D o calond

timss—eah then beestimated by muitipiying the pulse times for
Figs 5.2-5 by 100,000 + 1;,8li0 = 6,7 with the results shown in
Tapble 3.3-5. - - e

Tsble 3.3-5 Pulse Times for Ionges{; Routine

! ‘;Jééﬁ'tjiéno». 71 6 | 5 - .
i Cods | R T 3AA»4_ ha
‘ ,'Pulse 'l'imes 68,700 | 98,200 | 115,100

e

o r

zloemaaivers | eene s
'
" -

Thé time in seconds per routine is obtained by «é{iv'i:ding the above
pulse times by the clock repetition frequency in ¢ycles pér second
(see Table 3.5-1). ‘ |

Since the UNIVAC is in relidble operation at 2.25 me, it
is felt that. the speed_of 0.031 s
with present-day techniques ina digital flight trainer. The
verdlct above is definitely in favor of a 1A gede.

_se cnndg per Fontina ig Q++.h4nn'h1n .

% There are ether multipliers which can multiply in two word times,
The choice of the best multipiier is left for further comsideration
at a later date; with uss in Speeding vl sion & particularly ine
fluential. parameter.




Bh _Auxi Bary Vacuum ‘Tube Storage Registers

vl " - il <L, nlns v I N Sy
Purd ing ths p;cs';eoo of the work above, it wa wag ooser wWed thas

in the computation of a simple sequence {the numbered, blocked-iii
-computations on the program. d:.agrams) there was no reason for
returning any computed quantity to the memory except at the end
of the simple sequence. One advantage of thé 1A code is that it
reduces the nsed for returning information to the memory, but the
reduction 1s not complete. It was felt that inclusion of extra-
registers in the arithmetic unit would be of value.

Since ah order always carries an address which speclfies
a memory location, it would be desirable to extract an order from
the order mefiory only when it is desired to ingért or remove quan-
_tities from the number memory. Howaver, for example, a number may
be removed from the memory, multiply a number stored in the arith-
metic unit, and the prodiiét be added to another number stored in
~an auxiliary reg:.ster , the result to remain in the arithmetic unit.
It would be desirable to accompligh all this with one érder - a
"gomposite” order. Suck a composite multiply-add order was set up
(machine #8) and the routine times were estimated in thé above
manner, (See Table 3. 5-1) A small mprovement is evident.

. There is apparéntly a large number of composite orders of
this type that can be set up. If the most all-inclusive T¢omposite!
arder Ye utilized , the rout;.ne t.imes become those of machine #9 in

Tahla . 250 .

e e I T I T —

3 5 C‘dnc’:lu‘siohsh to-Date

. Table 3.5~1 summarizes rout:.ne times for the different machine
organizations, These figures, however, should not be taken as final
but rather ag approximasted estimates.

A direct comparison of routiné times. with and without memory
partitlon is not shown. However, that theére is an improvement in
speed at negligible inérease in complication is felt to be the obvious
result of partitlornng bhe memory in the manner descérived..

RO P . —— e “
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At this time, a fachine to bé incorporated in a flight. trainer
would have the following chairacteristics (machine #8):

(a) Serial ‘binary.
(b) Acoustic delay line ,memory. -

— —=3(0)- f=address €odes —— — —— - —— e
. @) 16-digit word. . e
(e) Clock frequency of about 2 2‘5 : ' '

A£f) Separate order and number memorie.;. T o
{(g) Whlpble-tree 6r other aultiplier having high ..ypeed.

lse .of composite 6rder: Multiply—-add Tt 48 felt at thi.s
time that the gain in speeG &y Tuli use of composite orders
i§ outweighed by the added comphcatmn fangd .cost) resultrzg
+he>re:f.‘1t'ome :
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. _ b_g_,} 5-1 Routins ?"imes for A1l Machines

b \ ‘ j : Routme Time—Second-s**\ ) )
{Machine} Partition; Whipplé-tree|Composite) Codell me c]2.25 imc it me i Comments
No. | Memory? {Multiplier? | Orders? :

; - 1} Yo - M Mo | la }.237] 206 |.059 As in Flight~
I oo ‘ - f ‘Trainer Report|

1 ( | R 1 As in machine
2 1 No | No | Mo 34 {.218] .097 |.0bL #1 with Lth

i ; I ‘ ' 7 faddress
e 1 b : dele'bed

B e e e — - S ; - ICIS G- e R e e

3 N I N Ot N 14 |.176% .078% |.03% | IaS Gode

. U SRR I , '"(nbde nig) "
. N . B L Yhd TR

AT A S MG R & Semeve e pn ~

1,03 |Modifiea Code |

7
=
=
(=]
=
o
&
o
22
Q
Iy
<o

LN —3--

5 - Yes | Yes | Mo F_hA'-.115£ .051 “-.-0297 -t See section

“on wmemory
- ; par+1 tion

61 Yes | Yes | Mo | 3a].098) .o .25 |

7 Yes | Yes  No | 1A ‘:.069\ 031 j\.Ol-'?\‘ "

1 -j 8 Yes . Yes Ii-mult.'-adqlf 1A | ,062| .028 | .016 ' Seq section
i - N | i | - | on additional {

’ [ L | Tegisters

- - Ea S ) " ” n - e A e

9+ Yes | Yes 4 full use | A +0561- .025-{9_.;(_)-_1!.»# 4 "

%—g-:f: R R e —— — 7T7A [V SR - s = — - =S
N
2 % -

H: a6 U v i - frn

¥* Minimum possibié value e )

3% The 1 m.c: rate refers to a computer similar to the SLAC or to the
: Moore School MSAC; the 2 .25 and h m.c. rates to the UNIVAC and
A T HURui(,ANE respes: 1vely - -




L. USE OF To ARITIRETIC UMITS

This section is dévoted to a discussion of the possible im=
provement in Glgital <empuler speed 45 a resull of using more inhan
one arithmetié¢ unit: In order to facilitate discussion it is useful

to define the follow1ng terms:

(a) Program steps Ohe basi¢ machine operation (add; subtract,
multiuly, divide, compare; shift; or ete.)

{b) Simple séQﬁéhce' One or mofe progran 8teps used in the c¢om-
putatlon of a single equation,

{e) Coﬁpound sequsncei A group of program steps used in the com=
putation of more than one equatlon.

(d) Branch point: 4 p01nt where the succeeding program step is

selected from one of two alternative program steéps, or where the

succeeding nrogram step 1s entered from orie of twe alternative

. . .uy;nrnmnm afond = A S - e

- T g

1

(e) .Fiiéht,ﬁra@cb,@aiﬁtﬁr.ﬁ branch point wheré a selection is .
‘made between two ailternative modes of flight or where entry is
made from two alternat’-ive modes of flight. :

(£) Subsroutiné: & comnound sequence embracing all simple
sequences,betweenthG fllght branch polnts. _ e s

L N S ——

(g) Routine: i basic sequence of sub-routines the sequential
repetitlon of Which describes a motlon of the alrplane.

_h 1. Methods of U311g Two Arlthmetlc Unlts i

Te

There Dresumabxy are a large numbbr of methéds of programming'
! for a computer using two arithmeti¢ units. Five methods of greatly
varylng merit will now be- outlined.- o :

In the first me‘h the two units share the éémputétiéﬁ of
ca C,l Simyle °°Q”°nce; 'Vhé“ the ""-'crk Bh ’Gﬂe first oJ..ny.A.c chuenbc Uf

a subroutine has been performed, the two uhits proceed to the next, .
and 86 on, until all of the simple sequences within the sub—reutlne
hawe béen computeds When: a flight travel point. is reached, the twe
units start the computation of the first simple sequernce of the nexus
sub-routine. This method involves a great dead, of 4dling time (time

_ When one unlt is not performing any program step) within hc ‘simple
sequénces, since in the course of computation one unit must in many'
cases-wait for the result of the other.

In the seeond method one unit. works 0 one -simple sequence
while the othér unit works almnltaneous;y on anothed simple sequenee
w1thfn the samé sub-routine. This méthod involves no 1dling\t1me

witthin the s1mp1e Sequefices. Howsver, one simple sequence may -depend:




o~ puted._ Hence, often, the sub-routines to e used can not.bé determingd o
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oh thé solution of another. Hence, one unit may have to wait for the
result of the other beforé procééeding. Since thefe 4¥¢ many inde-

pendent. simple séguences within a sub-routine, this idling time €an .
be held to a value much loweir than that of methiod one. ;

The third method is a Combindtion of the fiwst two. Thus, in
methiod one; iinstead of one unit waiting for the result of the other,
it proceéds inmediately to. some part of another §imple sequence. By
programming the two units to jump back and forth among the many program
steps within a sub-routine, tie idling period can be heéld to a minimum.
Tt cah be seen that this method is more versatile than the first two.

In a fourth méthod, cne unit compites one sub-routine while the
other unit works simultaneously on another sub-routine. In order to
use this method the sub-routinés to be computed must be known before-
hand. In manyv ¢asés, however, the decisiofi as to which will be the
succeeding sub-routine is made at thé end of thé subrfoutine being com-

beforehand. In thése cages one uhit must wait for the othér to compute
an entire sub-routine before it can proceed. If the cases where two
sibroutines can be computed simultaneously the problem of idling is
s%t111 prominent, since in general the sélution of one sub-routine
depends on results obtained from the simple gequences of prévious
sub-routinsgs. .

The Tifth method 1s an eéxiension ol meihod three to inciude
more than one sub-routine. %Where it is possible for twe sub-routines -
to be computed simultaneously, the two mmits perform the many program
steps included if both .sub-routihes: . Where the gub-routines used are
based on decisions made at the end of previous sub=routines, the two
uhits compute within a single sub—routlne i.e., method thréee is in=
herently included 1n;th15 method Because of its versatlllﬁy this.
methéd has the I¢ast amount -of 1d11ng tlme

that 4t takes for the two units to compute the rouuine. The best
method is the one through which the smallest length of time is obtained

_for the routine computation. A ccording to this criterion methed five
is the best tq use since it contiins the sma1lest amount. of idlihg time.
Methed two 18 also promising and can probably be used to advantage.
Methods one amd four ¢an ve eliminated because »f their lange idling
times, while the third method 1s included in method tive.

L:?;hgstimated Increase:in‘épeed

In discussing speed it is useful to introduce a flgure of merit,
F defined by the following relationship: :

P T o e

where T; 15 the time it takes to compute a routine using one unit
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and ~Tﬁ ts the time Lt takes o compute the samé routine using N

units, The mlnimum value of the flgure of merin for any number of
,routine using N unlts than 1t does using one unit. ”he mgximnm value
of the figure of merit for a given N is edusi to N. For example,
using two units (N #®.2) and assuming perfect programuing (zéro 41dling
time), the computation of the routine can be evenly divided betweén
the two units and the time for each unit to perform its work is
exactly oné half the time it takes one unit to compute the routine.
Sirice the two units work simultaneously, the figure of merit is equal
to two. In the general case where the idling time is not edqual to
zero, the figure of merit lies between one and N.

Partsrof,§ub§foutine number one (see Report 51-28) were pro-
grammed using methcd five. It became appareéfit that the necessity for
the two mnits to share the memory input and output busses was the )

Miea ~wasia K .
Mmain cause of .L.Ll.l..i.l.lb Time . LGSy mu.lc J.I‘.S"I"uctlcug oy numbers are

being withdrawn from the memory for one wnit it is not possible at

the same time to withd®aw instructions or numbers for the other unii. =
Cne solution to this probiem was to have two memory input-sutput
systems. However, this method was discarded beczuse of the apparentlv
disproportionate incredse in the size and cost 6f the digital computer.

‘Having decided that the memory busses were to be shared, the following
.Jrecourse was the only one left open: while cne unit is performing an

order, the instruction and numbers for the other unit are glven agcess
to the memory bus..

It is useful at this p01nt to define bwo more terms. Flrst
access. time is défined as the time when information appears on the
memory: ifiput or output busses. ~Second, computation time is -defined
ag Yhat time dyring which a unit is performlnz an. instruction when

no. 1n10rmat10n for its use appears on the memory 1nput or output busses.

o
<-

The effect -6f bus sharlng on the flgure of merit will now be

. shown for two units. Of the time that it takes oné unit to compute

the routing, let. A be thé access time, and et C be the vcmputatlon
B - ) 1 oS- +ho+_

ot - -
v.l.nwc p ol o e o e s - e e P

Tl *é_ A+C , f5&2€23

. Por the length of time, T, that it takes two units o6 perform the

éomputation of the rnubine, there are twe distinct cases: {(a) 4=C
and (b) € >4,

. " Por the case where A = C, T, is égual to A, This ¢an be see Seen
from Figure L.2-la: 'The access times of the Wo units are added to

give %he left-hand nolumn S hce the adcess time of the two units.
-€annot occéur sﬂmultaneously, their Fosultant addition isg (no less thian)A.
‘The computation time¢s and acgess times are nrogrammed to oceir simul=~

tangoisily, a$ shown in the figiwre, Since 4 is greater than o +h@n=must
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and the effiect of bus sharing is to Llimit the figure of merit to a

value less than two.
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: A+ D

For thé case whére C 74, Té_is-eQual to Zi" ' This éan be:
seen from Pigure N,2-1% and ¢. The tobal accéss time A and of the

computation time Qccur.simul@anégugmy. The rémainder of the comtha=

tion tine S x ¢ can be divided aeqﬂa:‘iu}x between the units since

computatlcn times can oceur 51multaneausly Hence

T, = A+C8 -4 = A*C (L.2+3)

Thus, for €= 4, thefigure of merit is

2 ' (h.2-1b)

e . b e

When € >4 bus sharing does aot 11m1t “the flgure of- merlt. 'Anether
_conclusion which cen be drawn is that for C>> A more than two units
may be used to advantage. . <

It is well to point out that the figures of merit found by :
the above equations may not Zctually be obidinavle dug to Prografming = - = -~ ga
difficulties. However, the figures of mPrlt found in practlce ¢an

- never be greater.

A and C for the fllght tralner problem can be found 48 the

following manner. First,. separate totals for all the different types

of orders used in the routlne under consideratioh must be found.

‘These ‘totals for the fllght trainer problenm .can be found in Figure -

5.3+l of Report 51-28. The second step is dependent. on the particulasr

computer under consideration, For a specified computer, the time it

takes the Gomputer to perform each instriction must be found. Then

for eac¢h instruction the percentage of this time which 18§ access time b

o . ... ... . and the percentage which is computat:on time mist be found. These ig
times will evidently vary from ohe Computér to the next, aepena1ng ori T

! their logical chardcteristics. The first and seécond steps ave noxt

S combinéd to find 4 and C for the given routine using a Specific

! ~ computer, Xnowing A and C the limitation of the figure of #erit

due to bub-sharing can be determined.

Using the above method;, 1im1t1nw fwgures of merlt were found
fs¥ three different types of computers using two arithmetic univs and
operatlng on thé routine designated by the sequence of sub-routines
1—2—3a»3-9 The results aré tabulated #n Table Bi.2<1.
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. Table 4.2<1 Figures of Merit for Two Avithmetic Units | B
1 & 1AL e | &2_‘\% @ Flgure of | - B
+ Computer { - BHC* g G’ ' Merlt , =
| Hurricane Lous.8 | she 4 .2 :
| L.AS. I wo | swo0 | o2 | B
| of Section 3.3 | : -

For ‘the Hurricane and IAS machines, the fact that € is greater
- T oTT T T ghan A imdicates that more than two units ‘might possibly be used to Y
advantage. If only two units are used, it indicates that the figures S
of merit are not 1inited by bus~sharing. For machine #7 of Section 3.3 ‘

it is seen that the figure of merit is severely limited by bus-sharing.

- ¥

’A'hf3g_Estimated Increase in Cost and Size
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, v-varly 1& is 1mportant to estimate the incrpase in cost and o
size of the imachine due toé the second arithmetic unit, Naturally this
incrédse Varies with machines which differ in c¢circuit and/br Logical L
design. The éstimate made here is for a machlne s1milar o the ,M\_ -
Mogre: Schoox'o MSAC, - — : oo R

The method used was to determine whlch units of the machine
wenld. be duplicatéed in order to accommodate two arithmetic units.
The units weré the followings the dispatcher memory loop, the i -
exetute selector counter; and the order type selector. With this- - - -~
ggsumption and assuming certain increases jm the size of the timer ;
and of the power supply, it was estlmated that;a one-third increase - }

!
|
]
|
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leh Digital Differential Analyzer Study

A tbeoreul 2k study|of tbe ,ABDIDA computer was undertaken
'MADEIDA as a secc;d ""thﬁ;tlc unit Just to perform the integratlons,
and (2) emplojing seme aspects of d3gital differential andiyzer tech-
niques in the Solution of this problem.

We shall now outline vriefly the basic eharactéristics of the
ofily existing digital differential analyzer, the MADDIDA (Magnetlc i
Druii Digiital Differentiad analyfer) This 1% a serial fagnetic drun ]




instrument.. A¥théugh the memoTy unlt'eéﬁube:spggdaé.b" °mploying
a méreury delay line, it wWill be seen that the serial naturé of th

machifié is 'ihhé;'ent in MADDIDA'.

Any number A is repreuented in MADDIDA by the mapping (1 FA)
vwith the restriction -1 =4 <=}, Numbe¥s are represented to a posulble
precision of 29 binary places. :

The method of 1ntegratwon employed in MADDIDA is that of direct
summation of the integrand at uniformly sSpaced values of the argument,
ise.

2=k (y, 4% (Uhi-1)

where k is a constant associated with the integrator, z is the
output of the integrator, b is the integrand, aﬁd x 1s the

1mdependent varidble. Slnce Yy 1s the accumulptlon, or sum, of

d y's, this equation can be expressed as

2 = kY (@xF dy) (;&.11-‘:2)

- -

Llearly, the integration is a iinear one.' Consequently,
the curtailment error per step is of the order of magnitude

(A )2 £ ? ).. From this. it follows that although MADDIDA is

capable of a a precision of 29 binary nlaces, its accuracy is 1~m¢ted

by curtailment to somewhat 1ess than 99 binary places, unless a

The: maximum rate of 4 z output of an integrator is 1 pulse
per - -¢yele of computatlon. The rate 6f ¥ Incréase of an *ntegrator
is restricted in MADDIDA to a2 maximum of three (lowest order) binary
¢olumns per éycle of computation, the actual increzse depending oi
the,. rmimbor gf integrators. qnmﬂv*l nz the. a_nteera tor under Gonsideras

. tion..

~ The time taken per cyele of computdtien IS determined by the
Speed of a cyecle of the magnetic dium mémory. The ‘magnetic dfum in
MADDIDA rotates at dbout 100 r.p.s., so that .a cycle lasts 0,01
Seconds. Im part 3.7 of Report 51-28, it is mentioned that a pre-
cision of 15 binary places is required. Since the (I\x) regaired
to keep the curtailment error within these limits is apparuqtly s6
smald as to preclude the pOSSiblthy of a high rate of inciease fof
many of the variables ifvolved, it 1§ ciear that the rate of integea-
tion: is much too: slﬁw ?p llgh* trainer tuge.

At tnbegratsr of MADDIDA 1 ay ve used to perform ¥he operation
of addition. However, the method is ¢8sentially equdvalent Yo addition
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by countlng whlch i8 1nherent1y much sigwWer than by additlon in an
aceumilator; Hence thére is no point in discussing the MADDIDA
adder here,

Multlpllcaclon is carriéd out by "connécting” integrstors
exactly as in cohtiruous variablé differential analyzars. For
inhstance, %o obtain (uv) one would sclve F) vdu * | i

Besides performing the opgrationis of integratio n, addition..
and midtiplicatioir, a NADDIBA integrator may bé coded as a servo.
This is ugeful in inverting operations and it is apmet?mes necessary
to achieve proper scaliﬁgm

¥For the insertion of enpl;Lcal data into the computation, - .
12 empirical input channels are provided in the machine. These .
input channels may be fed fromfvavlous input devices. o i

The control spe01fy1ng'wh.cn @voblem is being soived is

“achieved by employing > channels, Ll and . L?, which specify (a) the

|

| interconnection of the integrators and (b) which 1nput channeis

. are being employed, An additlonal fizt-channel contains ‘the resvlts
| , of the preceding cycle of computation and feeds this information to ‘
1

|

e m ol

the various integrators as dlrected by Li and b2 : %
e At the ~moment it is felt that. MADDIDA techniques are toe.slow . .

to be emuloyed in a sTmulator The major reasons are (1) the slow .
pulse repetition rate bécausz ef the memory empleyed, (2) the use of 0
time-sharing circuits, (3) the extremely short time interval needed
to cbitain reas¢nable accuracy in the method of integration employed.

As regards reason (1), it has already beén mentished that .
the memory could bé mercury delay line., Since there aré 10 inde- !
pendént differential equations to Be solved, a cycle of combutation
would include 10 integrators. For a L m.c. pulse rate and 16 digits
per word, this implies a time of the order of magnitude of L0 micro-
seconds per ¢ycle. This speed is ¢ertainly adequate if AX Bay be
choseri large. enough

OV e e - e e — e e P e o R a—- e L U L

As. regards reasoi (c), it is not necessary to operate al
10 integrators serialiy in this way. With parallel operation; the
time per cycle may be reduced, but only at addediexpense.

As. regardo Tedson (3), the inte al.é)x required to keep
the ¢urtailment érfors within reasciible limits is too small, This
implies that the computation of the aerodynamic céefficients fiust
also be undertaken for each time 3hstant for insertiocn as the in=
creage in the integrand of an integrator. Thug; the time might bé
reduced at most to that needed to compute these coefficients. This
Jatter time is at present too large for the L;x:required
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: The final conclusion therefore is that MADDIDA with the bes: g
: of existing cémputer techniqués is inapplicable for direct use in the
' flight tradirer problem. Possible use of some MADDIDA, features wilk
: receive furthér considération, However, it is felt that even. these L
' efforts will zot prove te bs fruitful. Theréfore; decressed effort ¥
o will be eipénded in: this directicn. B 7 4 <
; .
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5 HAND COMPUTATI 73‘ —

5.1 Manocuvres

The purpose of the hand computation of manoeavre is ¢ pho=
vide starting data for eventual computat:on»on a hlgl pe ed automatic
computing machine. At thié same time these initial resulis nay be
scanned for suspected Pnstability owing to impropér sblck ‘and ruddér

information being assumed: :

The manosuvres which hawve %een begun are the high'speed;rcll
and the outside loop. Level flight at 25000 feet has been modified
by decrsas‘ng the dssumed airplane we:ght W, below unity. Previously

- - the wvaive 1+@7 had been used,

"

5 2 Mlsceilaneous

uomputatlon of the test roll by m°thod A has been computed,
The fesuxns have oeen reoortea in section d. rne test rox; 1s being

Computatlons have also beén undertaken in Gonnéstien with an—
initial study of the aerodynamic coefficients. It is thought that
time may be saved by q'xmnl f’xn Rale nnmn13+g+1 or: =f avnn-vnman{-n‘l sero-
dynamlc coeffi 01ents by use of fbr example, a letl-dlmen31onal

- trigoncmetFic éxpansion of few terms. 4 function table containing
sin x wWould then be ah .ajid to computation. The study has started
With the drag coefficient for the FIE. To date nothing has béén
Ffound that is superior to the &traight line approximation method
described in the 2L4=F=X #eport. - : ' '




'Q. coxcmsmns 10 DATE

&s a sfesult of the iuve §tigatmons completed thus fap, the
2 LhP 'wtcﬁc¥usiahs«f§§sa o be justrfled°

nterval At = 1/8 second appears fensible
ation method A This conciusich resis

] theory and on the resulte 6f cné numerical -
seontinuous" alrplane motien,

(a) A conputatis:
as ] be
both on ma»h mati é
»ampubanlon of & ¢

m.

8_

/]

==

ol

;- o

9,

ey

%1 g
H~hﬂ§l*

(b) The time AT 6 compute the longést routine can bs decreased
to less than the value -of 0.1 seconds considefed minimum: by

Report. 51-28. The ;murovemeﬁts posqible are illustrated in -
Table 3.5-1

for machine 7, 8, and 9 of the MSAC, UNIVAG, and
- - — - KURRIGANE types; ail usiug 15 it number prec:.smn° It is
important to observe that 4ll these machines use 6nly existing

circuit design, gainln their improved speéd from novel 1og1ca1
*structure and programmlngﬁ,

(¢) On the strength of tho oreced;ng conclugions, it appears
definitely feasible to actuate at least one fl}ght trainer

cocknxt by a dlgltal computer.

{See section 2),




7-1

7. FUTURE PROGRAM

Further 1rvesumgatlons are to be pursued ailong ﬁhe{lines of
the initial Program described in seefion Y: The other methsds of
1ntegvat1un will be locked into, partlcularly the variaticns én
méthod A. A decélerated study on improvemsnts using one and two
arithmetic units will be cartied out. It is plannéd to postpone
intensive investigatﬁons of aerodynamic coefficients and instfumént
pansk data to a later point in the: project, éxcept for some pre-
paratory werlc on the former.

Buphasis will be plaeed unon the following studies-

(a) Other airplane types; the effect of airplane type on the
behavior of aerodynamic coeffiéients, on the interval At te-
quired to compute the longest routine, on the character 6f the
program for grotnd motion and for flight and on the size of
both the number and the ins»ructiun memories required.

(v) Manoéuvres; the pveparatlon of programs for c¢omputing
manoeuvres on_ auuoﬁatlc machines, inc;nding the- specification
of mevions of stick, ruaae,, throttle, ete.

(¢) Error analysis on the methods of integration; either R
theoretical or empirical o both. -

—e e

= mmie e e o % S et e o e e

(d) Aerodynamic coefflclents, the computation of the effect.
of altering .an acrodynamic coefflclent by say 10% on argiven
manoéuvre or. manoeuvreh, o -
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